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v Flavor Oscillations

Neutrino oscillation experiments have revealed that neutrinos change
flavor after propagating a finite distance. The rate of change depends on

the neutrino energy E, and the baseline L. The evidence is overwhelming.
e v, — vy and v, — Uy — atmospheric and accelerator experiments;
® V. — I, r — solar experiments;
® U, — Uother — reactor experiments;
® U, — Vother ad U, — Uother— atmospheric and accelerator expts;

e v, — U, — accelerator experiments.

The simplest and only satisfactory explanation of all this data is that

neutrinos have distinct masses, and mix.
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A Realistic, Reasonable, and Simple Paradigm:

Ve Uel U62 UeS 141
UV — U,ul UMQ UMS V9
Vr UT]_ Ue7'2 UTS V3

Definition of neutrino mass eigenstates (who are vy, vo, 137):

e m? < m3 Amis; < 0 — Inverted Mass Hierarchy
e m5 —mi < |m3 — miQ] Amis > 0 — Normal Mass Hierarchy
Ue 2 U 2 . o
tan? 015 = | Qig; tan? o3 = | “3|2; U,3 = sin fy3e %0

IUel |U7'3|

[For a detailed discussion see e.g. AdG, Jenkins, PRD78, 053003 (2008)]
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The Three-Flavor Paradigm Fits All" Data Really Well

[*modulo short-baseline anomalies — LATER]

Bounds on single oscillation Parame&ers

(preliminary update)
[A. Marrone, Talk at Neutrino 2016]
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Atmospheric data do not spoil this trend but introduce some differences in the relative

Likelithood of the two ocktanks in NO and 10, Octant dageheracv may show up in terms of

“bu.m'as” or “double bands” when marginalized away —>
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(SK+DeepCore)
LBL Acc + Solar + KL + SBL Reactors + Atmos
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Results in the (3,013) plane corroborated by atmospheric data
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Understanding Neutrino Oscillations: Are We There Yet? [NO !]

AT
R — (M) (m,)? (013 # 0!)
‘ am?),
(my)* b e Is CP-invariance violated in neutrino
oscillations? (§ #£ 0,77) [‘yes’ hint]
) v e Is v3 mostly v, or ;7 [f23 # 7/4 hint]
(AM) 4
= v, (Amz)atm
v e What is the neutrino mass hierarchy?
' (Am3i; > 0?)  [NH weak hint]
\ 2
E (my) = All of the above can “only” be
sol
(m,)? (M,)” e — addressed with new neutrino
normal hierarchy inverted hierarchy oscillation experiments

Ultimate Goal: Not Measure Parameters but Test the Formalism (Over-Constrain Parameter Space)
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What we ultimately want to achieve:

1.5 T T 1 | [T T 1 | T T s | T T 1 | T T 1 | T T 1
: excluded area has CL > 0.95 | % :
: Yo ]
1.0 — . A —
| 5 2 Amy & Amg
B sin 23 3
0.5 I~ § u
- S Amy
- 8K b _
N Io > _
= 0.0 I W B — 7] We need to do this in
i ' § the lepton sector!
L ub _
| Vil
~0.5— o —
1.0 € —
— % i ‘Y sol.w/cos2p<0
— Moriond 09 : (excl. at CL > 0.95)
_1 .5 B I I | | I I | | I | | I I | | I A | | I I i
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Ve Uei Uex Ues V1
Vr U’rl U7'2 U’7'3 V3

What we have really measured (very roughly):
e T'wo mass-squared differences, at several percent level — many probes;
o |Ueca|? — solar data;
o |U,2|? + |Ur2|* — solar data;
o |Uc2|?|Uc1]? — KamLAND;
o |U,s|?(1 —|Uus|?) — atmospheric data, K2K, MINOS;
o |Uecs|?(1 — |Ues|?) — Double Chooz, Daya Bay, RENO:;

o |Uess|?|U,3|? (upper bound — evidence) — MINOS, T2K.

We still have a ways to go!
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What Could We run Into?

e New neutrino states. In this case, the 3 X 3 mixing matrix would not

be unitary.

e New neutrino—matter interactions. These lead to, for example, new
matter effects. If we don’t take these into account, there is no reason

for the three-flavor interpretations of oscillation data to “close.”

e Weird stuff. CPT-violation. Decoherence effects (aka “violations of

Quantum Mechanics.”)
e ctc.

I will come back to this.
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Not all is well: The Short Baseline Anomalies

Different data sets, sensitive to L/FE values small enough that the known
oscillation frequencies do not have “time” to operate, point to unexpected
neutrino behavior. These include

e 1, — U, appearance — LSND, MiniBooNE;

® U, — Usher disappearance — radioactive sources;

® U, — Uyher disappearance — reactor experiments.

None are entirely convincing, either individually or combined. However,

there may be something very very interesting going on here. ..
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What is (Going on Here?

e Are these “anomalies” related?

e Is this neutrino oscillations, other new physics, or something else?

e Are these related to the origin of neutrino masses and lepton mixing?
e How do clear this up definitively?

Need new clever experiments, of the short-baseline type!

Observable wish list:
e v, disappearance (and antineutrino);
e v, disappearance (and antineutrino);
® U, <> U, appearance;

® U, . — Uy appearance.
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A neutrino oscillation solution require new neutrino states v4, vs, etc with

masses ma4, ms, etc. Reason is simple: L/FE too small (hence Short Baseline
Anomalies).

( Ve \ ( Uei  Ue2 Ues Ues \ (Vl\

Vr = U’T]. U7‘2 U’T3 U’T4 tct V3
Vsq U811 U812 U813 U814 e V4

The probability that v4 is measured as a v, is Ue4, the probability that vs is
measured as a v, is U5, and so on.

[Parameterizing the matrix is interesting. See AdG, Jenkins, PRD78, 053003 (2008)]

October 6, 2016
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B v,
2 i
(AM) snp
L1 vg
2
(Am )Sol

= 242 requires large sterile effects in either solar
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or atmospheric oscillations, not observed
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Experiment dof  channel comments
Short-baseline reactors 76 Ve — Ve SBL
Long-baseline reactors 39 Ve — Ve LBL
KamLAND 17 Ve — Ve

Gallium 4 Ve — Ve SBL
Solar neutrinos 261 ve = ve + NC data
LSND/KARMEN 2¢ 32 Ve — Ve SBL
CDHS 15 vy — v SBL
MiniBooNE v 15 Vy — Uy SBL
MiniBooNE » 42 vy =y SBL
MINOS CC 20 vp— LBL
MINOS NC 20 Vyp — Vs LBL
Atmospheric neutrinos 80 7, — v’y + NC matter effect
LSND 11 Uy — Ve SBL
KARMEN 9 Uy — Ve SBL
NOMAD 1 Vy — Ve SBL
MiniBooNE v 11 vy —ve SBL
MiniBooNE » 11 Uy — Ve SBL
E776 24 V-V SBL
ICARUS 1 Vy — Ve LBL
total 689

Northwestern

Table 1. Summary of the data used in this work divided into v'¢, v, disappearance, and ap-
pearance data. The column “dof” gives the number of data points used in our analysis minus the
number of free nuisance parameters for each experiment.

J. Kopp et al, arXiv:1303.3011

v Anomalies
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Bottom line: Fits to all data are mediocre — no “feel good” solution! On
the other hand, I think it is not correct to say the hypothesis is ruled out.

Xr2nin/dOf GOF X%G/dOf PG Xgpp,glob AXgpp Xﬁis,glob AX?{is

3+1  712/(689—9) 19%  18.0/2 12x10~% 058/68 7.0  616/621 10.1
3+2  701/(689—14) 23%  25.8/4 34x107° 02.4/68  10.7 609/621 6.1
14341 694/(689 —14) 30%  16.8/4 2.1x10°3 82.4/68 7.8  611/621 9.0

Table 7. Global x? minima, GOF values, and parameter goodness-of-fit (PG) test [125] for the
consistency of appearance versus disappearance experiments in the 341, 3+2, and 14341 schemes.
The corresponding parameter values at the global best fit points are given in Tab. 8. The last four
columns give the contributions of appearance and disappearance data to 3, see Eq. (6.2).

New in 2016 — Data on v, disappearance from MINOS and Ice Cube,

combined with data on 7, from Daya Bay did not make matters better.

J. Kopp et al, arXiv:1303.3011

v Anomalies
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Figure 3. Allowed regions in the sin? 29.,~Am2, (a), sin® 29..—Am?, (b), and sin? 29,,,~Am?,
(c) planes obtained in the pragmatic 3+1 global fit PrGLO of short-baseline neutrino oscillation

data compared with the 30 allowed regions obtained from (1;,)‘ — (1;23 short-baseline appearance

data (APP) and the 3o constraints obtained from(I;é)3 short-baseline disappearance data (v, DIS),

(1;:4 short-baseline disappearance data (v, DIS) and the combined short-baseline disappearance
data (DIS). The best-fit points of the global (PrGLO) and APP fits are indicated by crosses.

[Giunti, arXiv:1609.04688]
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Near Future Expectations — Lots of Activity
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Figure 4. Sensitivities of future experiments compared with the PrGLO allowed regions of
Fig. 3.

[C. Giunti, arXiv:1609.04688]
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If the oscillation interpretation of the short-baseline anomalies turns out
to be correct ...

e We would have found new particle(s)!!'I!!  (cannot overemphasize this]

e Lots of Questions! What is it? Who ordered that? Is it related to the
origin of neutrino masses? Is it related to dark matter?

e Lots of Work to do! Discovery, beyond reasonable doubt, will be
followed by a panacea of new oscillation experiments. If, for example,
there were one extra neutrino state the 4 x 4 mixing matrix would
require three more mixing angles and three more CP-odd phases.
Incredibly challenging. For example, two of the three CP-odd

parameters, to zeroth order, can only be “seen” in tau-appearance.

October 6, 2016 v Anomalies
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For example, if the new neutrino states are the “right-handed neutrinos”
from the standard seesaw, independent from the short-baseline anomalies

(for an inverted mass hierarchy, ms =1 eV(< ms)) ...

[AdG, Huang, 1110.6122]

e 1. disappearance with an associated effective mixing angle sin® 2. > 0.02.
An interesting new proposal to closely expose the Daya Bay detectors to a

strong (B-emitting source would be sensitive to sin® 20.. > 0.04;

e v, disappearance with an associated effective mixing angle sin® 249,, > 0.07,

very close to the most recent MINOS lower bound;

e v, <« U transitions with an associated effective mixing angle
sin® ¥, > 0.0004;

e v, < U, transitions with an associated effective mixing angle
sin” Y. > 0.001. A v, — v, appearance search sensitive to probabilities
larger than 0.1% for a mass-squared difference of 1 eV? would definitively

rule out my4 = 1 eV if the neutrino mass hierarchy is inverted.

October 6, 2016 v Anomalies
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Borexino, 1110.3230
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0.8 ] Solar Neutrinos
0.7} ]
. . _
0.6} l NSI 1  We are not done yet!
S —t— ¢ |
Qf 0.5; S Te-=T Std. MSW 4 e see “vaccum-matter”
pp - All solar l transition

0.4}  TBe pe _'
| v experiments . 'O P | o probe for new physics:
03l OTCXILO [ NSI, pseudo-Dirac, ...
l o probe of the solar interior!
0.2 i « 99
' o -y _ solar abundance problem
1071 10° 10! (see e.g. 1104.1639)
E,(MeV)

‘CNO neutrinos may provide

information on planet formation!’
FIG. 1: Recent SNO solar neutrino data [ 18] on P(v, — Vv, ) (blue line

with 1 o band). The LMA MSW solution (dashed black curve with
gray 1 o band) appears divergent around a few MeV, whereas for
NSI with €, = 0.4 (thick magenta), the electron neutrino probability

appears to fit the data better. The data points come from the recent
[Friedland, Shoemaker 1207.6642]

Borexino paper [19]. v Anomalies
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Non-Standard Neutrino Interactions (INSI)

Effective Lagrangian:

LN = —2V2G F (Day,vs) Z (eég?Lypr + eﬁngvpr) + h.c.,

f=e,u,d
For oscillations,
H;; = 2;’/ diag {O,Am%Q,Amfg} + Vij,
where
Vij = Ul VapUs;y,
14 €ce €cp  €Eer
Vap = A €ep Cpup  €Eur ;
€or €ur  Err

A = /2GFne. €ap are linear combinations of the eég’R . Important: Propagation

effects only. We don’t include NSI effects in production or detection.

October 6, 2016 v Anomalies
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FIG. 4: Expected exclusion limits at 68.3% (red), 95% (orange), and 99% (blue) CL at DUNE assuming data consistent with
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Parting Words

The venerable Standard Model sprung a leak in the end of the last
century: neutrinos are not massless! [and we are still trying to patch it. . .]

1.

We still know very little about the new physics uncovered by neutrino
oscillations. In particular, the new physics (broadly defined) can live almost

anywhere between sub-eV scales and the GUT scale.

Neutrino masses are very small — we don’t know why, but we think it

means something important.

Neutrino mixing is “weird” — we don’t know why, but we think it

means something important.
What is going on with the short-baseline anomalies?

There is plenty of room for surprises, as neutrinos are very deep probes
of all sorts of physical phenomena. Neutrino oscillations are “quantum
interference devices,” potentially sensitive to whatever else might be out

there (keep in mind, neutrino masses might be physics at A ~ 10'* GeV).
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